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Experimental and theoretical studies of acetylene layers adsorbed on KCl„001…
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The structure and lattice dynamics of a physisorbed acetylene monolayer on a KCl~001! single crystal
surface have been investigated by comparing helium atom scattering experiments with calculations based on a
semi-empirical potential. A (A23A2)R45 ° structure is determined from diffraction measurements. The time
of flight spectra reveal at least three well separated adsorbate layer phonon modes along the@110# direction,
two of which are only weakly dispersive, while the third is characterized by a very pronounced dispersion. The
calculations also predict a (A23A2)R45 ° structure containing two molecules per unit cell, which lie flat on
the surface and which are mutually perpendicular. The phonons calculated for this structure are used to assign
the observed dispersion curves.
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I. INTRODUCTION

Multipolar molecules physisorbed on ionic single-crys
surfaces exhibit a wealth of low and high order commen
rate structures, which have been widely studied over the
decade both experimentally1–8 and theoretically.9–17 Indeed
multipolar molecules tend to arrange themselves on a sur
according to their own translational and orientational geo
etries consistent with minimum lateral interactions. Y
large electric fields are generally present at the surface
ionic crystals that are responsible for large corrugations
thus for adsorption sites with deep wells. As a result of
competition between the binding and lateral interactio
various commensurate structures occur, depending on
ability of the molecules to arrange their centers of mass
their axes in ordered geometries consistent with the subs
periodicity. Low energy electron diffraction5,8 ~LEED! and
helium atom scattering2,7 ~HAS! diffraction experiments
provide information on the translational geometry of the a
sorbate, whereas polarization infrared spectroscopy1,3,4,6

~PIRS! is sensitive to the orientation of the admolecules. T
dynamics of the collective adlayer motions is best de
mined from inelastic time-of-flight~TOF! helium atom scat-
tering data, since electron energy loss spectroscopy~EELS!
may lead to damage and special precautions are need
avoid structural changes. For interpreting the dataab initio
potential energy calculations15,16 have proven to be useful in
determining the adsorbate geometries, although they are
time consuming and then often limited to small systems
contrast, semiempirical potentials are suitable for syste
with a large number of degrees of freedom,10,12 and, due to
their relative simplicity, they can be used to simulate d
namical processes with molecular dynamics calculations9,17

The complementarity of experimental and theoretical
proaches for obtaining a detailed picture of adsorbate ge
etry and dynamics was illustrated in previous collaborat
studies on the systems CO/MgO,18,19 OCS/NaCl,20 and
the C2H2 /NaCl system.7,21 For the latter system HAS
PRB 610163-1829/2000/61~20!/14028~9!/$15.00
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experiments7 showed the existence of two C2H2 monolayer
phases, depending upon the coverage and temperatur
T590 K, a stable low-density phase containing four m
ecules in a rotated (3A23A2)R45 ° unit mesh was ob-
served, whereas atT580 K, the adsorbate growth continue
up to the formation of a higher-density phase, with a (7A2
3A2)R45 ° unit cell, containing seven molecules. This lat
phase, which was attributed to the complete monolayer,
characterized by a buckling due to the large misfit of ab
8% between the bulk acetylene lattice constants22,23 and the
Na-Na distance (as53.96 Å). Theoretical studies based o
both ab initio15 and semiempirical21 potentials showed tha
the acetylene molecules were adsorbed parallel to the sur
in the two phases, in agreement with the assignment dedu
from the measurement of the intensity ratios of the polariz
infrared bands. Inelastic HAS experiments performed on
low density phase21 revealed two nondispersive Einste
modes at around 8.2 and 14.5 meV, which were attribu
on the basis of the theoretical study of the phonon-libr
modes, to the perpendicular vibrations of the centers of m
and to angular librations~tumbling mode! of the molecular
axes, respectively. By contrast the HAS experiments fa
in giving resolvable TOF spectra for the dynamics of t
high-density phase, possibly due to the buckling pheno
enon.

In the present work, the structure and the dynamics
acetylene layers adsorbed on the KCl~001! substrate have
been studied using both elastic and inelastic TOF heli
scattering. KCl was chosen, because its larger unit ce22

(as54.38 Å) is in better registry with the lattice paramet
of acetylene than for NaCl. This should favor the formati
of a full monolayer without any buckling and also favo
layer-by-layer growth. Molecular dynamics simulation
based on semiempirical potentials are used to determine
equilibrium structure of the first layer of C2H2 at T50 K.
For the calculations of the phonons and librons of the ace
lene monolayer the same formalism is used as previou
14 028 ©2000 The American Physical Society
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PRB 61 14 029EXPERIMENTAL AND THEORETICAL STUDIES OF . . .
applied to the C2H2 /NaCl system.21

The present paper is organized as follows. The exp
mental setup and data analysis are presented in Secs. I
III. In Sec. IV the details of the calculational procedure
the monolayer structure and the dynamics are given and
lowed by the presentation of the theoretical results in Sec
In Sec. VI, the theoretical results are compared to the exp
mental data and with the previous analysis of t
C2H2 /NaCl system. Final concluding remarks follow in Se
VII.

II. EXPERIMENT

The experimental apparatus is described in de
elsewhere.24 A nearly monoenergetic He atom bea
~FWHM! @full width at half maximum of Dv/v;1%;
DE/E;2%] is generated by continuous expansion of
gas through a nozzle of 10mm in diameter from a stagna
tion pressure of 50–100 bar. Incident beam energies in
range of 15.0–21.5 meV are achieved by varying the sou
temperature between 70 and 100 K, respectively. The a
between incident and final scattered beams is 90 °, thus
incidentu i and finalu f angles measured with respect to t
surface normally obey the relationshipu i1u f590 °. After
scattering from the crystal surface the He atoms are dete
by a magnetic mass spectrometer at the end of a 1.4 m
time-of-flight tube. Angular distributions are measured w
a continuous beam by rotating the crystal around an a
perpendicular to the scattering plane and hence varying i
dent and final angles simultaneously. The parallel wave v
tor change is given byDK5kf sinu f2ki sinu i , where ki
andkf are the incident and final wave vectors.

The KCl surface was prepared by cleaving off a sm
slice from a KCl single crystal with 10310 mm2 surface
area at a surface temperature of 100 K under UHV con
tions in the 10211 mbar range. After cleavage and betwe
measurements the crystal was heated up to 400 K to pre
possible deterioration of surface quality by residual wa
The acetylene gas~Messer-Griesheim GmbH, purity 99.6 %
with the main impurity being acetone! was purified in 5–6
cycles of condensing the acetylene in a liquid-N2 trap, pump-
ing the gas line to remove volatile impurities like hydroge
and again warming up the cold trap. During gas dosage
acetone was frozen out in a cold trap filled with a mixture
n-pentane and liquid N2 at 223 K.

III. EXPERIMENTAL RESULTS

The monolayers of acetylene on KCl were prepared
applying a constant C2H2 background pressure o
531028 mbar through an UHV leak valve at a consta
crystal temperature ofTs575 K. Simultaneously the specu
lar intensity was monitored as shown in Fig. 1. Following
initial steep decline, after 15 minutes, corresponding to
exposure of 45 L (1 L51 langmuir5106 Torr s), the in-
tensity of the specularly reflected He beam became cons
indicating that a stable phase, which is assigned to the
monolayer, had been formed. At 75 K the monolayer ph
was stable without further dosage of acetylene and sta
sufficiently clean for at least 10 h. Careful investigation
the specular intensity during cooling of the crystal at co
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stant exposure to 531028 mbar of C2H2 showed that this
phase exists at least down to a temperature of about 70
which three-dimensional~3D! condensation starts and t
above 93 K where the adlayer desorbs without additio
gas exposure. Thus, different from the adsorb
C2H2 /NaCl(001), where two phases were found as a fu
tion of coverage and temperature, in the syst
C2H2 /KCl(001) apparently only one phase is formed. Ho
ever, the latter is not unexpected due to the significan
better lattice matching, as discussed in Sec. I.

A monotonous decrease of the specular intensity u
exposure of the surface to the adsorbing species has
observed before for, e.g., CO2 /NaCl(001) ~Ref. 25! and
CH4 /NaCl(001) ~Ref. 26!. It is indicative of the growth of
the monolayer in large islands and clearly distinguishes
growth mechanism from filling the monolayer via a lattic
gas, where a pronounced minimum of the specular inten
is to be expected. The latter was found for the monola
CO/NaCl~001!.27 From the experimentally determined d
sorption temperatures of 90–93 K the heat of desorption
C2H2 /KCl(001), which is assumed to be close to the adso
tion energy, was estimated to22761 kJ/mol (2280
610 meV per molecule!.

In order to determine the structure of the monolayer, d
fraction scans were taken along the@100#, @110#, @210#, and
@310# surface azimuths at an incident beam energy of 2
meV. Figure 2 shows diffraction patterns of the substr
~left! and the monolayer~right! along the first three direc
tions ~along the fourth no additional features were observ
which excludes a higher superstructure than that discus
below!. The figure also shows the position of the diffractio
peaks in the reciprocal lattice. Half-ordered diffraction pea
are only visible in the@210# direction. From the diffraction
pattern a (A23A2)R45 ° superstructure can be unambig
ously concluded. The absence of half-order features al
the @100# azimuths indicates the existence of glide plan

FIG. 1. Specular He signal measured with an incident wa
vector of the He beam of 4.9 Å21 during the adsorption of a mono
layer of C2H2 on KCl~001!@110# at a surface temperature of 75
and an acetylene partial pressure of 531028 mbar. At these con-
ditions no further adsorption was observed.
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14 030 PRB 61A. L. GLEBOV et al.
along these directions in the adsorbate lattice unit cell.
A total of 40 TOF spectra of the monolayer were me

sured along the@110# direction at an incident beam energy
19.2 meV and a sample temperature ofTs575 K, without
further exposure to acetylene. Under these surface condit
further adsorption could be excluded. For a single TOF sp
trum data were accumulated for about 35 min and after e
9 h the monolayer was desorbed and freshly prepared. Fi
3~a! shows examples for TOF spectra at incident angles
36.5 °, 42.5 °, and 52.5 °. In Fig. 3~b! the corresponding sca
curves, which correlate energy and momentum conserva
for the respective angle of incidence in theDE vs DK dia-
gram, as well as the phonon features from all TOF spe
are shown. An easier interpretation of these data is poss
after folding them back into the first Brillouin zone@see
Fig. 3~b!#.

The experimental error in determining each data point
sults from the energy spread of that special peak that lead
an uncertainty in both the energy transfer and the para
momentum transfer calculated from the scan curves. The
timated corresponding error differs strongly within the p

FIG. 2. Diffraction scans along the@100#, @110#, and@210# crys-
tal directions for the KCl~001! surface~left! and the monolayer of
C2H2 ~right! measured with a wave vector of the incident He be
of 6.4 Å21. Only along the@210# direction superstructure peak
have been observed~marked with arrows!. The lower part depicts
the measured azimuthal directions and the reciprocal lattice of
(A23A2)R45 ° structure, open squares representing the h
ordered peaks. The missing half-order spots along the@100# direc-
tion is indicative of glide planes along the borders of the adsorb
lattice unit cell.
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rameter range of this experiment, but is in any case wit
the size of the symbols used in Fig. 3~b!, left panel. In addi-
tion, there may also be small systematic errors in the m
surement of the time of flight and the scattering angles.
cause of the calibrations and extensive past experience24 they
are estimated to be also of the same size.

For comparison, dispersion curves of the pure KCl s
face were also measured along this direction, and found
agree with earlier HAS measurements.28 The bare surface is
characterized by a Rayleigh mode with an energy of 8.5 m
at the zone boundary and by a folded mode, which is du
the similarity of the masses of the potassium and chlor
ions. These KCl modes are also shown in Fig. 3~b! as solid
lines. In addition, some peaks of less intensity, which ha
been assigned to an optical mode above 15 meV, were
observed.

In the adsorbate dispersion diagram at least three pho
modes are observed, which are not found on the b

e
f-

te

FIG. 3. Examples of~a! TOF spectra of the monolayer C2H2 on
KCl~001! measured at incident angles of 36.5 °, 42.5 °, and 52
along the@110# crystal direction, at an incident beam energy of 19
meV and a surface temperature of 75 K. The monolayer modes
assigned with an E. In addition, the diffuse elastic peak, DE,
Rayleigh mode of the substrate, R, are visible as well as some s
features, ‘‘res’’, which could be assigned to selective adsorpt
resonances. In the lower panel~b! the complete dispersion curve i
shown together with the three scan curves, along which the spe
in ~a! were measured. Also shown is a dispersion diagram that
been folded back into the positive energy, positive moment
transfer region of the first Brillouin zone. Phonons measurable
the bare KCl~001! substrate are marked by solid lines.



de

bo
c
a
ly
gl

or
it
am
iv
a

rt

th
de
n
os
d
th

a
th

to
o

ls
tio

o

g
ty
in

o
ec

e
n
-

tia
s o

,
ter
-

ric

ion
rate
ther

the

o

i-

te,
e

m a
im-
and

ly a
uc-

yer,
lk

(

cor-
trate

a
to

es
ion
ns
m
the
c-

yer
ves
the

PRB 61 14 031EXPERIMENTAL AND THEORETICAL STUDIES OF . . .
KCl~001! surface. The Rayleigh modeR of the substrate is
visible up to a parallel momentum transfer of 0.6 Å21,
where it intersects a nearly dispersionless adsorbate mo
7 meV, which is denoted asE2 in Fig. 3. Another only
weakly dispersive mode (E3) is found with an energy of
about 8 meV at the zone boundary. It seems to have a
10–15 % larger energy at the zone center. However, the s
ter of the data for small parallel momentum transfers m
suggest that in this regime they are due to more than on
single mode. Additionally, the monolayer shows a stron
dispersive mode (E1) starting at 2.8 meV at theG point, i.e.,
the zone center. Its energy increases by more than a fact
2 within the first 40% of the Brillouin zone, after which
cannot unambiguously be followed. In addition, at a be
energy of 19.2 meV at least two more weakly dispers
modes seem to be observable with energies of about 13
10 meV, respectively. The latter was seen in the outer pa
the Brillouin zone only. The former will be denoted asE4.

An intensity analysis of the observed phonons shows
modeE1 decreases from the zone center towards the bor
which indicates a significant contribution of motions perpe
dicular to the surface. In contrast, the intensity of the alm
dispersion-free modeE2 increases towards the zone boun
ary, which suggests significant contributions parallel to
surface. The intensity analysis for modesE3 andE4 gives no
unambiguous results.

Measurements were also performed along the@100# crys-
tal direction. They revealed at least three modes, which
with respect to the energetic positions and the forms of
dispersion curves very similar to the modesE1–E3 along the
@110# direction.

IV. THEORETICAL CALCULATIONS

A. Potential energy

As in the previous study of C2H2 on NaCl,21 both the
acetylene molecule and the KCl substrate are assumed
rigid, and the total interaction potential is separated int
sum of molecule-substrate (VMS) and lateral molecule-
molecule (VMM) potential terms. Each of these potentia
consists of electrostatic, dispersion-repulsion, and induc
contributions.

The electrostatic contribution ofVMS accounts for the in-
teraction between the charges6e (e is the electron charge!
of the substrate ions and the electric multipoles of the adm
ecule, whereas the corresponding contribution inVMM con-
siders interactions between multipole moments belongin
different admolecules. The charge distribution of the ace
lene molecule can be mimicked by either a single po
quadrupole moment equal to 7.2DÅ ~55.355 a.u.
52.4•10239 Cm2! located at the center of mass29 or by a set
of multipoles, up to the hexadecapole moment, localized
the C and H atoms, which accounts for the nonlocal el
tronic extension of the molecule@distributed multipole analy-
sis ~DMA ! approach#.30–32 The values of the multipoles ar
those given in Ref. 21. The effect of the two descriptio
~point and distributed approaches! on the adsorption proper
ties of C2H2 will be discussed later in the paper.

The dispersion-repulsion interactions inVMS andVMM are
described by site-site pairwise Lennard-Jones poten
where the sites are the C, H, K, and Cl nuclei. The value
at
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the parameterse ands for C and H are taken from Ref. 21
and those for K and Cl are from an analysis of ion-wa
microcluster structures.33 The s parameters for the pair in
teractions between KCl and C2H2 were slightly adjusted by
10% in order to fit the experimental value of the isoste
heat of adsorption of C2H2 on KCl. This fit did not influence
the equilibrium geometry of the admolecules. The induct
terms that describe the mutual polarization of the subst
and of the admolecules are less than 10–15 % of the o
contributions.

The total interaction potential between the C2H2 admol-
ecules and the KCl substrate is then written as

V5(
i

F (
l ,s,p

VMS~r i lsp ,Vi !1(
j Þ i

VMM~r i j ,Vi ,Vj !G ,
~1!

wherer i lsp is the distance between the center of mass of
molecule i and a substrate atoms of the l th unit cell in a
planep of the substrate, andr i j is the distance between tw
atoms belonging to thei th and j th molecules.Vi describes
the orientation of thei th acetylene molecule in the coord
nate system of the surface.

B. Monolayer structure

To determine the equilibrium structure of the adsorba
the potentialV @Eq. ~1!# was minimized with respect to th
positionsr i5(xi ,yi ,zi) and orientationsVi5(u i ,f i) of the
admolecules, using a conjugate gradient method.34 The po-
tential energy surface of a single admolecule obtained fro
(x,y) sampling of points above the surface provides the
portant properties such as the stable site, saddle point,
potential corrugation. Based on experimental results, on
selection of the infinite number of possible adsorbate str
tures was investigated. Various (mA23nA2)R45 ° com-
mensurate structures were considered for the monola
wherem andn are integers. Since the misfit between the bu
parameter of acetylene and the lattice parameter of KClas
54.38 Å) is less than 2%,22 only values ofm<2 and n
<2 were chosen. The molecule density of these phases
responds to the completion, i.e., one molecule per subs
cation site. The monolayer structure was obtained from
numerical search for the potential minimum with respect
the 23m3n35 variables in the cells of the different phas
investigated. To avoid secondary minima, the minimizat
was carried out for a large number of initial configuratio
~about 103), making the numerical search for the minimu
energy structure time consuming. For the monolayer,
smallest unit cell consistent with attractive lateral intera
tions is found to be the (A23A2)R45 ° cell containing two
molecules, in agreement with the experiment.

C. Monolayer dynamics

Once the stable structure is known, the monola
translation-orientation dynamics and the dispersion cur
can be calculated. The harmonic dynamical matrix of
monolayer is a (5Ns35Ns) rank square matrix~whereNs is
the number of molecules per monolayer unit cell! defined by
its components21
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Da,a8~m,m8,q!5(
r 8

1

AAaAa8
Ffa,a8

MM
~r ,m,r 8,m8!

1 (
l ,s,p

fa,a8
MS

~r ,m,l ,s,p!d r ,r 8dm,m8G
3e2 iq•[R(r )2R(r 8)] , ~2!

where Aa is either the effective molecular massA5
4.32310223 g molecule21 for the translational coordinate
a5x, y, and z, or the moment of inertiaI or I sin2u (I
523.78310240 g cm2 molecule21) for the angular vari-
ablesa5u or f. These latter variables define the polar a
azimuthal angles of the molecular axis with respect to
absolute frame tied to the surface~where thez axis is along
the normal to the surface!. The lateral force constant tenso
fMM correlates the motions of two acetylene molecules
fMS characterizes the force constant tensor between an
molecule and the static substrate.R denotes the equilibrium
position of ther th unit cell of the layer with respect to th
origin andq is the two-dimensional wave vector in the (x,y)
surface plane. The diagonalization ofD provides a set of
5Ns eigenvaluesvl(q), which are the frequencies of th
phonons and librons for eachq value. From the eigenvector
e(m,q,l) of D the spectral density associated with the c
responding dispersion curves35 is calculated:

ra~v!5 (
l,m,q

uea~m,q,l!u2d„v2vl~q!…. ~3!

This quantity provides the polarization of the various ext
nal modes of the monolayer.

D. Molecular dynamics simulations

Finite temperature molecular dynamics simulations w
used to determine the structure of the adsorbate ab
T50 K, which is out of the minimization procedure capab
ity. The acetylene molecules were initially placed and o
ented at their minimum energy configuration obtained fr
the T50 K minimization. 64 molecules, i.e., one molecu
per cation site, were placed on a patch of 838 unit cells of
the substrate. This patch was periodically replicated al
the surface plane, and a reflection barrier 30 Å above
surface prevented desorption of the molecules during
simulation.

In the molecular dynamics calculations, the rotation
equations of motion were solved by a leap-frog algorith
based on a quaternion representation of the molecular o
tations, and a leap-frog extension to the method of Ve
was used for the translation equations of motion.36 A time
step of 3.0 fs was considered. After equilibration over 12 0
steps~corresponding to a real time of 36 ps!, data were col-
lected for the next 6000 steps~18 ps!. The initial linear and
angular velocities were taken from a Boltzmann distribut
corresponding to the desired simulation temperatures con
tent with experiments, namely 40 and 75 K. The tempera
was held constant during the production run by scaling
velocities every 20 steps. Tests showed that the results
n
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tained with this rescaling procedure were not significan
different from runs done within the microcanonic
ensemble.37

The energy, forces, and torques were calculated within
point quadrupole description for acetylene, only. Indeed,
distributed multipole approach leads to an unrealistic div
gence in the force constant calculations when two multipo
sites tend to be too close to each other. For the interact
within the monolayer a radial cutoff of 17 Å was used a
the calculations in the reciprocal space of the substrate w
carried out for the binding potential. Calculations of the la
eral interactions within the adlayer were speeded up by us
a neighbor list.36

V. THEORETICAL RESULTS

A. Monolayer structure

Figure 4 shows the potential energy surface~PES! for a
single C2H2 molecule adsorbed on KCl~001! using the point
multipole electrostatic model. Since the PES obtained w
the distributed multipole approach has a similar shape,
not shown. The most stable adsorption site is above the
ion, where the molecule lies flat (u590 °) at a distance
z53.35 Å from the surface (z53.44 Å with the DMA
model!. The molecular axis is parallel to a cation row in th
point model, whereas the positive charges on the hydro
atoms favor a preferential interaction with the Cl2 anion,
leading to a molecular axis orientation along the K-Cl dire
tion, in the distributed approach. The potential well depth

FIG. 4. Potential energy surface experienced by a single C2H2

admolecule above KCl~point quadrupole model!. The origin (x
50, y50) corresponds to a cation site, whereas (x/a50.5, y50)
3(a54.38 Å) defines the site between two consecutive catio
Energy in meV and distances in reduced units ofa54.38 Å.
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PRB 61 14 033EXPERIMENTAL AND THEORETICAL STUDIES OF . . .
the stable adsorption site in the point description is equa
167 meV compared to 146 meV with the DMA mode
Above the anion, the molecular axis is perpendicular to
surface and the molecule is less bound to the surface
about 50 meV. Note finally that the PES is flat around
cation site, and that the corrugation remains small along
cation rows~20 meV for the two models!, with a saddle
point at the middle of the distance between two adjacen
atoms.

In the most stable geometry (A23A2)R45 °, the two
molecules have different orientations in the unit cell. T
molecular centers of mass are located on two adjacent ca
sites, at the same molecule-surface distance which is clos
the single molecule value (z53.37 Å with the point model
and z53.43 Å in the distributed approach!. The molecular
axes lie parallel to the surface, but the two molecules in
unit cell are perpendicularly oriented to minimize the late
interactions. The molecules in the unit cell are related to e
other by two glide planes along thê100& and the^010&
directions. The mean energy per molecule is equal
2324 meV and the lateral and the molecule-surface inte
tions contribute in a similar way sinceVMS/VMM51.04 for
the point model. When the DMA is used, the mean energ
2310 meV, and the ratioVMS/VMM becomes slightly
smaller ~0.81!. This geometry is very stable since, in th
minimization procedure, the nearest local minimum had
significantly larger energy of about 50 meV. In this case
molecular axes also lie parallel to the surface, but are m
ally parallel. Upon increasingm andn the geometries remain
unchanged since the most stable phases withm.1 and/or
n.1 obtained from the minimization procedure correspo
to juxtapositions of (A23A2)R45 ° unit cells.

Molecular dynamics simulations of the acetylene mon
layer adsorbed on KCl were performed for two different te
peratures, namely 40 and 75 K, in accordance with exp
ments. At T540 K, the distribution functionp(z) of the
distance between the molecular center of mass and the
face exhibits a single sharp peak atz53.38 Å. This peak
does not shift significantly with increasing temperature@Fig.
5~a!#, but it broadens slightly as a result of large amplitu
translational motions. The distribution functionsp(u) and
p(f) @Figs. 5~b! and 5~c!# show a single peak atu590 ° and
two peaks atf50 ° and 90 °, respectively, which are n
significantly modified whenT increases from 40 to 75 K. A
both temperatures the molecules have the sa
(A23A2)R45 ° structure as in the 0 K calculation. A sna
shot at an intermediate stage in the simulations at 75
shown in Fig. 6 illustrates the approach to the final structu
The average total energy per molecule increases from2306
to 2291 meV when the temperature increases from 40
75 K. Note that the ratio of the lateral and molecule-surfa
interactions remains very close to the one determined in
calculations~1.04 at 40 K and 1.02 at 75 K!.

B. Monolayer phonon-libron dispersion curves

Only the point interaction model was used for the calc
lation of the phonon-libron dynamics of the acetylene mo
layer because, as already mentioned, the distributed m
leads to artifacts in the force constants. Similar proble
have been discussed by Gamba and Bonadeo,38 who showed
to
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that the distribution of multipoles on different sites of th
acetylene molecule generally leads to some imaginary
quencies in the lattice dynamics of the bulk crystal, unless
to the 26-poles are taken into account.

Figure 7 exhibits the dispersion curves for the trans
tional and orientational dynamics of th
(A23A2)R45 ° C2H2 monolayer along the@110# direction.
In principle, the solution for a dynamical matrixD of rank
10 leads to ten dispersion curves withq in the range 0 to
p/(asA2), whereas is the substrate parameter. Due to t
symmetry of the surface, two domains with perpendicu
unit cells can exist on the surface. However, since the s
roundings in the two domains are identical, the correspo
ing dispersion curves are degenerate. Their energies ra
between 2 and 16 meV. The acoustic branches of the b
KCl substrate including the Rayleigh mode as well as
experimentally determined phonon data are also depicte
Fig. 7.

The dynamical coupling in the adsorbate leads to hyb
izations of the molecular motions and therefore no stric
pure modes are observed in the calculations. The stron
dispersive quasi-acoustic modeA1 with an energy equal to
2.5 meV at theG point of the first Brillouin zone~FBZ!
corresponds mainly to parallel (x,y) translational motions of
the molecular centers of mass with, however, a signific
hybridization with the perpendicular~z! translation. At the
end of the FBZ, this mode is fully polarized perpendicular

FIG. 5. Results of the simulation for the C2H2 monolayer ad-
sorbed on KCl atT540 and 75 K.~a! Distribution functionp(z) in
arbitrary units~arb. units! of the molecule-surface distancez ~in Å!.
~b! Distribution functions~in arb. units! p(u) of the polar angleu
andp(f) of the azimuthal anglef.
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the surface and characterizes thez motion, only. The energy
gap of 2.5 meV characterizes the substrate corrugation e
rienced by the admolecule, as shown in the PES of Fig
The much less dispersive modeA2 around 6.5 meV describe
mainly translational motions perpendicular to the surfa
ModesA3 , A4 , A5, andA6 with energies ranging between
and 12 meV are clearly related to thex andy translations and
are polarized parallel to the surface. The nondispers
modesA7 and A8 around 13 meV are characterized byu
angular motions perpendicular to the surface. The high
energy branchesA9 andA10 at around 16 meV correspond t
f azimuthal librations of the molecular axes in a plane p
allel to the surface. The right hand side of Fig. 7 shows
corresponding spectral densities for polarizations para
and perpendicular to the surface@Eq. ~3!#. These curves do
not show any signal below 6 meV due to the dispers
behavior of the phonon branches. The first intense peak
curs at around 6.5 meV with the perpendicular polarizat
which characterizes theA1 mode at the end of the FBZ an
the undispersive modeA2. The other peaks corresponding
r' are theu librational modes around 13 meV. The paral
motions give rise to three structures inr // , two sharp peaks
being connected toA4 and (A5 , A6) branches, and a broa
signal being attributed toA9 andA10.

VI. DISCUSSION AND COMPARISON WITH THE
EXPERIMENTS

The interaction of a single admolecule with the KCl su
strate favors a stable adsorption site above the cation, wit

FIG. 6. Top and side views of a snapshot of the simulation
the acetylene monolayer on KCl atT575 K. Small and large gray
circles represent K and Cl sites, respectively. Black and w
circles correspond to the C and H atoms, respectively.
e-
4.

.

e

r-

-
e
el

e
c-
n

l

-
an

orientation of the molecular axis parallel to the surface. Su
a geometry, for which at present there is no direct exp
mental evidence, is very similar to that obtained for ace
lene adsorbed on NaCl and was corroborated by perio
Hartree-Fock calculations.15 The molecule-substrate bindin
energy is for KCl equal to 167 meV or to 146 meV, depen
ing on the potential model used~point quadrupole or DMA,
respectively! and is slightly smaller than for the NaCl sub
strate~198 meV!.21 This decrease is due to the larger su
strate unit cell parameter for KCl, and thus to a smaller
surface density, which is responsible for a smaller elec
field at the KCl surface.

The 0 K minimization procedure of the monolaye
substrate interactions leads to the most sta
(A23A2)R45 ° phase containing two molecules per u
cell related by two glide planes. This configuration corr
sponds to the monolayer completion with one acetylene m
ecule per substrate cation. In the point quadrupole desc
tion, the molecules are adsorbed parallel to the subst
along the K rows with their axes mutually perpendicular, a
the corresponding energy per molecule is twice the sin
admolecule adsorption energy, indicating that lateral a
molecule-surface interactions contribute nearly equally. M
lecular dynamics simulations at finite temperature~up to 75
K! show that the 0 K structure is very stable, the energy p
molecule being slightly higher~2306 meV at 40 K, and
2291 meV at 75 K! due to the kinetic contribution equal t
about 9 meV at 40 K and 16 meV at 75 K. These results
fully consistent with the HAS data regarding the (A2
3A2)R45 ° geometry of the acetylene monolayer, as w

f

e

FIG. 7. Dispersion curves for the C2H2 monolayer adsorbed on
KCl~001! (q[DK). Full curves represent calculations while poin
correspond to the experimental data. The acoustic modes of
bulk substrate are represented by dashed lines~the lowest-energy
mode corresponds to the Rayleigh mode!. The experimental error is
smaller than 0.7 meV and 0.1 Å21. The calculated parallel and
perpendicular spectral densities of phonon state are given in a
trary units~arb. units! at the right hand side of the figure.
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as the value of the heat of adsorption equal to227
61 kJ/mol (2280610 meV per molecule! as determined
from desorption temperatures.

The calculated extrinsic vibrations of the monolayer c
be compared directly with results from the present inela
helium atom time-of-flight spectroscopy. The experimen
dispersion curves show the existence of a strong acous
mode (E1) starting at 2.8 meV and of two nearly dispersio
less modes around 7 meV (E2) and between 8 and 9 meV
(E3). An additional optical mode is also visible in the ran
12–13 meV (E4). In the comparison between the calculat
phonon modes and the corresponding experimental data
played in Fig. 7, the calculated high-frequency modesA9 and
A10, which correspond primarily tof angular motions, are
not observed. This is due to the relatively low incident e
ergy of the helium atoms~19.2 meV!, which is too low to
excite these high-frequency modes with a significant pr
ability. Moreover, since these modes are polarized paralle
the surface, their coupling to the helium atoms is mu
weaker than for the sagittal plane modes. The quasi-acou
mode A1 in the calculated curves is assigned to theE1
branch. It corresponds mainly to parallelx andy translations,
with, however, a significant hybridization with the perpe
dicular z vibration near theḠ point, while it becomes fully
perpendicularly polarized at the end of the first Brillou
zone. In the same way, it might be obvious to assign
phonon dispersion curveA2 calculated around 6.5 meV t
the observedE2 mode.A2 is polarized mostly perpendicula
to the surface and corresponds to the vibration in thez direc-
tion. However, as shown in Sec. III, from the intensity ana
sis there is strong evidence that modeE2 has significant con-
tributions from motions in the x and y direction,
corresponding to parallel vibrations. Since the modesA3-A6
show very significant polarization parallel to the surface, t
result may indicate that the experimentally observedE2
mode is actually a mixture of theA2 with other phonons.

Based on the calculations, the observation of theE3 mode
in the range 8–10 meV is somewhat surprising since i
assigned to thex andy vibrations of the admolecule cente
of mass parallel to the surface~modeA4 in the calculations!.
However, the dynamical coupling with the substrate, wh
leads to avoided crossings between the adlayer and subs
curves could change the polarization of the modes thro
hybridizations with the perpendicularly polarized folde
branch of the Rayleigh surface mode. This may explain w
this mode, which is a purely parallel mode when no coupl
with the substrate dynamics is considered, becomes vis
after hybridization with the substrate modes.

The modesA7 andA8 around 13 meV, which are assigne
to u motions perpendicular to the surface, can be conne
to the E4 branch. Finally, part of the experimental poin
nicely coincides with the substrate Rayleigh mode~lowest of
the dashed lines in Fig. 7!.

These phonon-libron dispersion curves for the C2H2 /KCl
system can be compared with previous results obtained
the same adsorptive on NaCl. In this latter case, the pho
modes have been studied only for the low-dens
(3A23A2)R45 ° phase containing four molecules per u
cell.21 The layer dynamics of C2H2 on the two substrate
present some similarities. However, on NaCl~001! only two
n
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modes were observed the first one between 7 and 9 m
(E18) and the second one around 14 meV (E28). They were
assigned to perpendicularz vibrations andu librations, re-
spectively. These dispersionless modes, which are ma
sensitive to the interaction with the surface, are also obser
and assigned in the present study with yet slightly low
frequencies, due to the greater softness of the molecule-
force constants. The main difference between the two s
strates comes from the modes assigned to thex andy parallel
translations. Indeed, on NaCl, these modes are nearly dis
sionless and, due to their parallel polarization, are not vis
in HAS experiments. On the contrary, a strongly dispers
branchE1 is observed on KCl at low frequency and assign
to parallel translations~modeA1), as the result of a much
higher C2H2 density in the monolayer on KCl. Since th
parallel translations are very sensitive to the strength of
lateral force constants, it is not surprising to have a stron
dispersion and a larger energy for this mode when the d
sity is higher. Due to this larger energy and dispersion
KCl, the A1 mode is thus cut by the folded part of the Ra
leigh substrate mode, which changes its polarization
makes it better visible in HAS experiments (E1 branch!.
Since the polarization of theA1 mode changes and its ene
getic position is close to theA2 mode in the second half o
the Brillouin zone, it is not obvious to give an interpretatio
of the experimentally observed intensities. Nevertheless,
observed decrease in intensity out to the zone bound
agrees with the polarization character found theoretica
However, this assignment cannot alone explain the str
dispersion of the mode.

The ordering of C2H2 molecules on KCl, which leads to
the formation of a complete monolayer with low order com
mensurability, is consistent with the better registry of t
adsorbate/substrate lattice parameters for the sys
C2H2 /KCl ~2%! than for C2H2 /NaCl ~8%!. The correspond-
ing larger coverage in adsorbate molecules for KCl is c
sistent with thevl(q) curves of the C2H2 monolayer, which
are clearly more dispersive for the KCl substrate, indicatin
larger influence of the attractive lateral force constants
tween admolecules.

VII. CONCLUSIONS AND OUTLOOK

Following up on a recent study of the monolayer pha
of acetylene on NaCl~001! the monolayer acetylene o
KCl~001! has been investigated experimentally by heliu
atom scattering and theoretically by potential energy cal
lations. A complete monolayer has been found w
(A23A2)R45 ° geometry and glide planes along the@100#
and @010# directions, with a unit cell of two translationally
inequivalent molecules, which lie flat on the surface. T
experimental phonon dispersion curves of the monolayer
in good agreement with the calculated spectra, which al
an assignment of all measured modes. Compared to the
sorbate acetylene on NaCl stronger dispersion is obser
which is supposed to be due to the higher molecular den
of C2H2 /KCl, where lateral interactions become more im
portant. Another consequence of this fact is, that, in cont
to C2H2 /NaCl the initially parallelA1 mode undergoes a
change in polarization and becomes easily visible for HA

The small mismatch in lattice parameters between C2H2
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and KCl opens up the possibility of the adsorption of orde
multilayers, which might have very similar properties to
pure acetylene crystal. Indeed, by isothermal adsorption
surface temperature ofTs540 K, layer-by-layer growth
could be observed for at least 15 layers, which occurs ra
for physisorbates on ionic crystals, the only other system
y

em

hy
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, J

m
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n
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d
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has been reported being CH4 on MgO.39,40Elastic and inelas-
tic He-scattering measurements have been performed
these crystalline films as well as molecular dynamics sim
lations of the first five layers of such multilayer adsorbat
The analysis is still in progress and will be presented in
forthcoming paper.41
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